Abstract. Altered glucose metabolism has been described as a cause of chemoresistance in multiple tumor types. The present study aimed to identify the expression profile of glucose metabolism in drug-resistant acute myeloid leukemia (AML) cells and provide potential strategies for the treatment of drug-resistant AML. Bone marrow and serum samples were obtained from patients with AML that were newly diagnosed or had relapsed. The messenger RNA expression of hypoxia inducible factor (HIF)-1α, glucose transporter (GLUT)1, and hexokinase-II was measured by quantitative polymerase chain reaction. The levels of LDH and β subunit of human F1-F0 adenosine triphosphate synthase (β-F1-ATPase) were detected by enzyme-linked immunosorbent and western blot assays. The HL-60 and HL-60/ADR cell lines were used to evaluate glycolytic activity and effect of glycolysis inhibition on cellular proliferation and apoptosis. Drug-resistant HL-60/ADR cells exhibited a significantly increased level of glycolysis compared with the drug-sensitive HL-60 cell line. The expression of HIF-1α, hexokinase-II, GLUT1 and LDH were increased in AML patients with no remission (NR), compared to healthy control individuals and patients with complete remission (CR) and partial remission. The expression of β-F1-ATPase in patients with NR was decreased compared with the expression in the CR group. Treatment of HL-60/ADR cells with 2-deoxy-D-glucose or 3-bromopyruvate increased in vitro sensitivity to Adriamycin (ADR), while treatment of HL-60 cells did not affect drug cytotoxicity. Subsequent to treatment for 24 h, apoptosis in these two cell lines showed no significant difference. However, glycolytic inhibitors in combination with ADR increased cellular necrosis. These findings indicate that increased glycolysis and low efficiency of oxidative phosphorylation may contribute to drug resistance. Targeting glycolysis is a viable strategy for modulating chemoresistance in AML.
Introduction
Acute myeloid leukemia (AML) is the most common type of leukemia in adults, and anthracycline-based chemotherapy is the principal option for the treatment of AML. Despite advances in AML treatment, 20% of AML patients do not respond to induction chemotherapy, and 40-60% of patients relapse (1) . The majority of therapeutic failures are due to cellular resistance to anti-leukemic drugs (2) . Therefore, it is important to identify strategies that reverse resistance to drugs.
The development of refractory AML remains unclear, and may involve various molecular mechanisms, including the altered expression of one or several multidrug resistance (MDR) genes, including multidrug resistance-associated protein 1 (MRP1), lung resistance related protein (LRP) and P-glycoprotein (P-gp) (3, 4) . Previous studies have investigated altered glucose metabolism in chemoresistant leukemia cells (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . It has been reported that prednisolone resistance in patients with precursor B-cell acute lymphoblastic leukemia (ALL) was associated with an increased expression of genes involved in glucose metabolism (5, 6) . Imatinib-resistant chronic myelogenous leukemia cells also exhibited a high glycolysis phenotype, with elevated glucose uptake and lactate production compared with imatinib-sensitive cells (7) (8) (9) (10) . In addition, AML cell lines with an increased level of glycolysis showed increased resistance to the induction of apoptosis in vitro due to a combination of all-trans retinoic acid and arsenic trioxide (11) . Furthermore, inhibition of glycolysis by glycolytic inhibitors, such as 2-deoxy-D-glucose (2-DG), lonidamine (LND) and 3-bromopyruvate (3BrPA), or downregulation of the expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) by RNA interference sensitizes prednisolone-resistant ALL cell lines to glucocorticoids (12) . Acute leukemia subtypes, including pre-B-cell ALL, T-cell ALL and AML, demonstrated growth arrest and cell death when treated with the novel glycolysis inhibitor 3-BrOP. Potentiated adenosine triphosphate (ATP) depletion and pro-apoptotic effects were observed subsequent to treatment with 3-BrOP. Combined with the cytochrome c-reductase inhibitor antimycin A and the mammalian target of rapamycin (mTOR) inhibitor rapamycin, treatment with 3-BrOP resulted in effects potentiated by ATP-depletion and pro-apoptotic effects in these leukemia cells (13) . In several human cancer cell lines, including the Jurkat, HeLa and U937 cell lines, glycolysis inhibition dramatically enhances apoptosis induced by Fas or tumor necrosis factor-related apoptosis-inducing ligand. This sensitization is controlled through adenosine monophosphate-activated protein kinase, which is the central energy-sensing system of the cell (14) . Although this study supported that leukemia cells with high glucose metabolism were associated with chemoresistance, it remains unknown whether glycolysis-associated genes are involved in the MDR of AML.
Glycolysis is considered to be the main source of energy for tumor cells, and is much less efficient at producing energy compared with oxidative phosphorylation (15) . The process of glycolysis produces only 2 mol ATP per 1 mol glucose, while oxidative phosphorylation of glucose results in ~36 mol ATP per 1 mol glucose. Each reaction in the glycolytic pathway is catalyzed by a specific glucose transporter (GLUT) or enzyme, such as GLUT1, hexokinase (HK), phosphofructokinase (PFK), GAPDH and enolase (ENO) (16, 17) . Tumor cells shift their metabolism from oxidative phosphorylation towards the less efficient glycolysis, independent of the presence of oxygen. This metabolic change is associated with factors including the upregulation of glycolytic enzymes and glucose transporters, decreased expression of oxidative phosphorylation enzymes and a lower mitochondrial content (18) .
The present study investigated the glycolytic activity and expression of associated molecules in drug-resistant AML cells in comparison with drug-sensitive AML cells. The increased expression of glycolytic pathway-associated genes, including hypoxia inducible factor (HIF)-1α, HK-II, GLUT1, and lactate dehydrogenase (LDH), and low expression of β-F1-ATPase were shown to be associated with drug resistance in AML cells. It was also observed that inhibition of glycolysis through the use of glycolytic inhibitors rendered resistant AML cells susceptible to Adriamycin (ADR). The present data suggested that glycolysis-associated genes are involved in AML drug resistance and may be promising therapeutic targets for AML therapy.
Patients and methods
Patient samples. Bone marrow and serum samples were obtained from 90 newly diagnosed and 18 relapsed patients with AML in The First Affiliated Hospital of Jishou University (Jishou, Hunan, China) between October 2010 and November 2011. Patients with AML M3 were excluded. All samples contained ≥80% leukemia cells. Within 24 h of sampling, mononuclear cells from bone marrow samples were obtained subsequent to red blood cell lysis (Wuhan Boster Biological Technology, Ltd., Wuhan, Hubei, China) of the lower fraction subsequent to density gradient centrifugation at 480 x g. Isolated mononuclear cells were washed twice by phosphate-buffered saline (PBS; Wuhan Boster Biological Technology, Ltd.), and stored in liquid nitrogen until use. The present study was performed in accordance with the modified Declaration of Helsinki (19) , and the protocol was approved by The Medicine Ethics Committee of Zhongshan City People's Hospital (Zhongshan, Guangdong, China) prior to the start of the study. Informed consent was obtained from all patients and healthy volunteers.
Cell lines and cell culture. The human AML HL-60 cell line and the ADR-resistant HL-60/ADR sub-line were obtained from the Laboratory of Hematology of Nanfang Hospital of South Medical University (Guangzhou, China). These cell lines were cultured at 37˚C in a 5% humidified atmosphere in Gibco RPMI-1640 medium (Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% HyClone fetal bovine serum (FBS; GE Healthcare Life Sciences, Logan, UT, USA), 100 units/ml penicillin (Guangzhou Ucando Biotechnology Co., Ltd., Guangzhou, China), 100 µg/ml streptomycin (Guangzhou Ucando Biotechnology Co., Ltd.) and 2 mM glutamine (Guangzhou Ucando Biotechnology Co., Ltd.). Prior to each experiment, HL-60/ADR cells were treated with 1 µmol/ml ADR (Sigma-Aldrich, St. Louis, MO, USA) for 10-28 days and then cultured for 10 days without ADR exposure (20) .
Glucose consumption assay. Glucose consumption was detected by the conversion of glucose to 6-phosphogluconate and reduced nicotinamide adenine dinucleotide (NADH) with the Glucose (HK) Assay kit (Sigma-Aldrich), according to the manufacturer's protocol. Briefly, 10 6 HL-60 and HL-60/ADR cells were cultured in RPMI-1640 containing 2 g/l glucose. Following 4 days of culture, the medium was collected by centrifugation at 715 x g to remove the cells, and incubated at room temperature for 2 h with glucose assay buffer (Sigma-Aldrich), containing 1.5 mM NAD, 1 mM ATP, 1 U/ml hexokinase and 1 U/ml glucose-6-phosphate dehydrogenase. During this time, glucose was phosphorylated to glucose-6-phosphate. Glucose-6-phosphate was then oxidized to 6-phospho-gluconate in the presence of oxidized nicotinamide adenine dinucleotide (NAD), reducing NAD to an equimolar amount of NADH. The conversion of NAD to NADH was measured by the increase in absorbance at 340 nm using a spectrophotometer (UV-1800; Shimadzu, Kyoto, Japan), which was directly proportional to the glucose concentration.
RNA extraction and quantitative polymerase chain reaction (qPCR).
Total RNA from cell lines and primary mononuclear cell samples were extracted using Invitrogen TRIzol reagent (Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. Subsequent to removal of the DNase I, cDNA was reverse transcribed from 1 µg of total RNA in 20 µl reaction volume, in accordance with the maufacturer's instructions for the PrimeScript ® RT kit (Takara Biotechnology Co., Ltd., Dalian, Liaoning, China). The PCR machine was ABI7500 (Applied Biosystems; Thermo Fisher Scientific, Inc.). The sequences of the primers were as follows: HIF-1α forward, 5'-ACA GCC TCA CCA AAC AGA GCAGG-3' and reverse, 5'-CGC TTT CTC TGA GCA TTC TGC AAAGC-3'; GLUT1 forward, 5'-GCG GGT TGT GCC ATA CTC ATG ACC-3' and reverse, 5'-AGG CCA CAA AGC CAA AGA TGGCC-3'; and β-actin forward, 5'-TGG CAC CCA GCA CAA TGAA-3' and reverse, 5'-CTA AGT CAT AGT CCG CCT AGA AGCA-3'. qPCR was performed using a SYBR Green reaction kit (Takara Biotechnology Co., Ltd.) and an Applied Biosystems PRISM 7500 real-time PCR detection system (Thermo Fisher Scientific, Inc.). The expression levels of HIF-1α and GLUT1 were analyzed relative to the levels of the β-actin gene transcript. Sequences of the primers (Shanghai GenePharma Co., Ltd., Shanghai, China) were shown in Table I . The reaction mixture for each direct qPCR was performed using 10 µl SYBR Premix Ex (Takara Biotechnology Co., Ltd.), 0.8 µl (0.4 µM) of each primer and 2 µl cDNA, and in a total reaction volume of 20 µl. The qPCR conditions consisted of pre-denaturation at 95˚C for 30 sec, followed by 40 cycles of denaturation at 95˚C for 3 sec and annealing at 60˚C for 30 sec. Three independent experiments were performed on the cells in independent cultures at 3 different times.
Western blot analysis. Cells (2x10 6 ) were washed twice in ice-cold PBS and then incubated for 10 min on ice with 300 µl lysis buffer, which consisted of 1% Triton X-100, 0.1% SDS, 50 mM Tris (pH 8.0), 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, 0.1 mM Na 3 VO 4 , 0.1 mM benzamidine, 5 µg/ml leupeptin and 5 µg/ml aprotinin (Sigma-Aldrich). Whole-cell lysates were clarified by centrifugation at 21,130 x g for 15 min at 4˚C. The protein concentration was determined using the Bradford protein assay (Bio-Rad Laboratories, Hercules, CA, USA) with bovine serum albumin (Bio-Rad Laboratories) as a standard protein. In total, 30 µg of protein was separated by electrophoresis on a sodium dodecyl sulfate-polyacrylamide gel (10% gel; Sigma-Aldrich). Subsequent to electrophoresis, proteins were transferred to a nitrocellulose membrane (Millipore, Billerica, MA, USA). Following 1 h incubation in a blocking solution containing 5% non-fat dry milk in PBS and 0.5% Tween-20 (Sigma-Aldrich) the membrane was blotted with the mouse monoclonal anti-β-F1-ATPase antibody (catalog no., sc-55597; dilution, 1:500; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and mouse monoclonal anti-β-actin (control) antibody (catalog no., sc-47778; dilution, 1:1,000; Santa Cruz Biotechnology, Inc.) overnight at 4˚C. Subsequent to washing, the blot was incubated with the secondary antibodies (dilution, 1:1,000; Santa Cruz Biotechnology, Inc.) for 1 h at room temperature. The immunoreactive bands were visualized with the enhanced chemiluminescence (ECL) reagent (Pierce Biotechnology, Inc., Rockford, IL, USA), according to the manufacturer's protocol. All the tests were repeated three times.
Enzyme-linked immunosorbent assay (ELISA).
Patient serum levels of LDH were measured using Quantikine kit (R&D Systems, Inc., Minneapolis, MN, USA), according to the manufacturer's instructions. Optical density was measured using an ELX800 ELISA reader (Bio-Tek, Winooski, VT, USA) at 492 mm. The results were calculated from a standard curve generated by dilutions of a known amount of recombinant LDH protein. The LDH concentration in each sample was the average of 3 independent experiment results.
Methyl thiazolyl tetrazolium (MTT) assay.
The MTT assay was performed to assess the effect of 3BrPA or 2-DG on the proliferation of AML cell lines and responsiveness to ADR. The final drug concentrations of ADR ranged between 0.25 and 5 µg/ml in HL-60/ADR cells and between 0.001 and 0.1 µg/ml in HL-60 cells. The half maximal inhibitory concentration (IC 50 ), which is defined as the drug concentration at which cell growth is inhibited by 50%, was used as a measure of cellular drug resistance. Various concentrations of ADR (0.25-5 µg/ml for HL-60/ADR cells; 0.001-0.1 µg/ml for HL-60 cells) were used due to differences in ADR resistance, but corresponded with the induction of similar amounts of cell death. Inhibition of glycolysis was established by the addition of 0.25-2.00 mM 2-DG (Sigma-Aldrich) or 20 µM 3BrPA (Sigma-Aldrich). HL-60 or HL-60/ADR cells were plated in 96-well plates at a density of 5x10 4 cells/well for the proliferation assay. Subsequent to 48 h, the cells were stained with 10 µl sterile MTT dye (5 mg/ml; Sigma-Aldrich) at 37˚C for 4 h, and the culture medium was then removed. Subsequently, 200 µl dimethyl sulfoxide (Sigma-Aldrich) was added to the plates and thoroughly combined for 10 min. Spectrometric absorbance at 570 nm was measured using the ELx800 Absorbance Microplate Reader (Bio-Tek). All groups were assessed 6 times.
Coefficient of drug interaction (CDI).
The CDI is used to analyze the synergistic inhibitory effect of drug combinations. CDI is calculated as follows: CDI = AB / (A x B), where AB is the ratio of absorbance of the combination groups to the control group and A or B is the ratio of the absorbance of the single agent group to the control group. Thus, a CDI of <1, 1 or >1 indicates that the drugs are synergistic, additive or antagonistic, respectively. A CDI <0.7 indicates that the drugs are significantly synergistic (21) . Statistical analysis. All statistical analysis was performed using the statistical software package SPSS 16.0 (SPSS, Inc., Chicago, IL, USA). Student's t-test was used to determine the significance of the differences between mean values. One-way analysis of variance was performed and post-hoc multiple comparisons were performed using the least significant difference test under homogeneity of variance, while a comparison of the means of multi-group samples was performed using Dunnett's T3 method under homogeneity of variance. The results were expressed as the mean ± standard error, and P<0.05 was considered to indicate a statistically significant difference.
Results

Patient characteristics.
Using the chemotherapy response criteria established by the Chinese Chemotherapy Symposium of Leukemia in 1987 (22) , chemotherapy response was assessed according to two induction cycles of chemotherapy. The response criteria consisted of complete remission (CR), partial remission (PR) and no remission (NR). CR was defined as ≤5% blasts in normocellular or hypercellular bone marrow with a normal peripheral count (granulocyte count, >1x10 9 /l; platelet count, >1x10 11 /l). PR required similar criteria, with the exception of the presence of 6-20% marrow blasts. NR was defined as failure to achieve CR or PR. The clinical characteristics of the three patient groups are shown in Table II . In addition, 38 healthy donors acted as a negative control. 
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Mean n (%) Mean n (%) Mean n (%) P-value Subsequently, the expression levels of these three genes in the AML ADR-sensitive HL-60 and ADR-resistant HL-60/ADR cell lines in vitro were compared. As shown in Fig. 2 35 and 1211.57±456.99 U/l in the healthy control, CR, PR and NR groups, respectively. The serum LDH level was significantly increased in the NR group compared with the control (P<0.001), CR (P<0.001) and PR groups (P=0.003).
β-F1-ATPase protein expression in primary AML cells and cell lines.
The protein expression level of β-F1-ATPase/ β-actin was 0.0540±0.0482 and 0.0092±0.0042 in the CR (n=20) and NR (n=12) groups, respectively. There was a significant difference between the two groups (P=0.017). Consistently, ADR-resistant HL-60/ADR cells showed a lower β-F1-ATPase expression compared with ADR-sensitive HL-60 cells (Fig. 3) .
Effect of glycolytic inhibitor on cytotoxicity in AML cell
lines. The present study investigated the response of the AML HL-60 and HL-60/ADR cell lines to ADR while inhibiting the glycolysis pathway. The cells were incubated with 2-DG or 3BrPA, which resulted in a proximal blockade of glycolysis (Fig. 4A) . compared with non-treated cells (Fig. 4A) . The decrease in glucose consumption was not observed when cells were incubated with ADR alone.
In addition, the combination of 2-DG or 3BrPA and ADR resulted in markedly increased cytotoxicity in ADR-resistant HL-60/ADR cells (CDI <0.7), compared with treatment with glycolysis inhibitor or ADR as individual drugs (Fig. 4B) . However, this synergistic effect on cell death was not observed in ADR-sensitive HL-60 cells (CDI >0.7 and <1).
Effect of glycolytic inhibitors on apoptosis in AML cell lines.
A flow cytometry assay analyzed the apoptotic rates of HL-60 and HL-60/ADR cells treated with glycolytic inhibitor (2-DG or 3BrPA) or ADR or a combination of the two agents. Following 24 h of treatment of the cell lines with 2-DG or 3BrPA, either alone or in combination with ADR, the percentage of apoptotic cells in the HL-60 and HL-60/ADR cell lines showed no significant difference (Fig. 5A; P>0.05) . However, treatment with 2-DG or 3BrPA in combination with ADR increased the necrosis of cells ( Fig. 5B ; 0.001 µg/ml ADM vs. control, P= 0.012; 0.5 mM 2-DG + 0.001 µg/ml ADM vs. control, P= 0.003; 20 µM 3BrPA + 0.001 µg/ml ADM vs. control, P=0.017).
Discussion
Resistance to chemotherapeutic agents is a major obstacle to the successful treatment of AML. Therefore, the development of strategies to reverse resistance to these agents may enhance the efficacy of AML treatment. Several potential mechanisms for resistance to chemotherapeutic agents have been studied in leukemia cell lines and patients with AML, but the majority of the mechanisms were not identified as sufficient causes of resistance (23) . The extrusion of drugs by membrane ATP-dependent drug efflux pumps, termed ATP-binding cassette transporters, is commonly implicated in MDR. Other drug efflux pumps include P-gp, MRP, Topo II and LRP, which also contribute to chemoresistance in AML and have not yet been shown to be effective in clinical trials (24, 25) . Previous studies have revealed that enhanced glucose uptake and aerobic glycolysis is one of the fundamental phenotypes of malignant tumors, and is important for tumor relapse and chemoresistance (26, 27 ). 
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It has been reported that drug-resistant cells are characterized by defective mitochondrial ATP production, elevated aerobic glycolysis, increased absolute levels of intracellular ATP and enhanced HIF-1α-mediated signaling in tumor cells (27) . Similar to the findings in solid tumors (28) , it has been reported that high glycolytic metabolism was associated with resistance to the induction of apoptosis by chemotherapeutic agents in AML primary cells and cell lines (11, 29) . The present results showed that the elevated glucose consumption in the ADR-resistant AML HL-60/ADR cell line compared with ADR-sensitive HL-60 cells was consistent with previous findings (11) . The percentage of apoptotic cells in these cell lines showed no significant difference subsequent to treatment with a glycolysis inhibitor alone or in combination with ADR. However, 2-DG or 3BrPA in combination with ADR increased the necrosis in these cell lines (P<0.05). Based on these initial findings, the present study suggested that a high level of glycolysis may be associated with chemotherapy resistance in AML.
It has been shown that cancer cells, including leukemia cells, shift energy production from oxidative phosphorylation towards the less efficient glycolysis pathway (5) (6) (7) (8) (9) (10) (11) (26) (27) (28) . The increased glycolysis rate is due to the upregulation of several genes involved in glycolysis or glucose uptake. This upregulation in gene expression is generally considered to be due to the activation of the transcription factors c-MYC or HIF-1α (12) . Previous data suggests that HIF-1α-mediated signaling plays a central role in the process of glycolysis and chemoresistance in tumors (27) . HIF-1α is a transcriptional factor that upregulates the expression of specific isoforms of GLUT, HK, PFK-1, PFK-2, aldolase, GAPDH, phosphoglycerate kinase, phosphoglycerate mutase, ENO, pyruvate kinase and LDH (15) . Consequently, the glycolytic flux and the levels of intermediaries are increased.
Reviewing the biochemistry of glycolysis revealed that GLUT, HK and LDH are the main controlling steps of the glycolytic flux in cells (15, 30, 31 ). It appears that such modifications in these and other glycolytic steps are a component of the mechanisms involved in the increased glycolytic flux of tumor cells. The first rate-limiting step of glucose metabolism is the transport of glucose across the plasma membrane. The GLUT family of proteins is responsible for this transport, and is often found to be dysregulated or overexpressed in malignant cells (30) . HK-II catalyzes the first step in the glycolytic pathway, which phosphorylates glucose into glucose-6-phosphate in the glycolytic pathway (31) . LDH catalyzes the conversion of pyruvate and NADH to lactate and NAD + , which is the final step in the glycolytic pathway, and has a critical role in tumor maintenance (30) . Several studies have demonstrated an association between the expression of GLUT1, HK and LDH and chemoresistance in tumors (32) (33) (34) . A previous study has shown that hypoxia is closely associated with tumor resistance to anticancer drugs, and numerous factors contribute to the mechanisms of resistance (35) . Direct and indirect factors of hypoxia account for drug resistance. The present study demonstrated that the expression of HIF-1α, GLUT1, HK-II and LDH was significantly increased in AML patients with NR compared with patients with CR and PR. Similarly, the expression of HIF-1α, GLUT1 and HK-II in HL-60/ADR cells was also increased compared with the expression in HL-60 cells. These findings suggested that HIF-1α-mediated signaling was associated with chemoresistance in AML, and the altered expression of a series of genes involved in glucose metabolism may collectively contribute to glycolysis.
In certain tumors, this glycolytic phenotype is accompanied by a loss of bioenergetic activity in mitochondria (36) (37) (38) . β-F1-ATPase is the β catalytic subunit of mitochondrial H + -ATP synthase and is the key enzyme in ATP synthesis (37) . Previous studies demonstrated that downregulation of β-F1-ATPase was associated with resistance of cancer cells to anticancer therapies (38, 39) . In the present study, it was found that the level of the β-F1-ATPase protein in ADR-resistant HL-60/ADR cells was markedly decreased compared with the level in ADR-sensitive HL-60 cells. Similarly, β-F1-ATPase expression was decreased in the NR group compared with the CR group. Overall, these results indicated the importance of the damaged mitochondrial oxidative phosphorylation regulated by β-F1-ATPase in the chemoresistance of AML.
Since drug-resistant cancer cells have increased glycolysis metabolism compared with drug-sensitive cancer and normal cells, studies have hypothesized that inhibition of glycolysis may overcome drug resistance in drug-resistant cancer cells (6) (7) (8) (9) (10) (11) (12) (13) . A previous study found that 3BrPA enhanced the cytotoxic effect of ADR, vincristine and Ara-C in drug-resistant HL-60/ADR cells, which was consistent with the aforementioned hypothesis (18) . Chemopotentiating effects were investigated in ovarian carcinoma cells. The higher the resistance of a cell line to platinum, the more sensitive the cell line was to potentiation of platinum using DG, and increased glucose metabolism was shown (38) . Similarly, glycolytic inhibitors, such as 2-DG, LND and 3BrPA, may reverse glucocorticoid resistance in prednisolone-resistant ALL cell lines (12) . The present study showed that specifically blocking the glycolytic pathway affected ADR-resistant AML cells with high glycolytic activity, while no evident sensitizing effect was observed in cells that were already sensitive to ADR. This synergistic effect rendered ADR-resistant leukemia cells more susceptible to ADR.
It has been reported that the development of chemoresistance is associated with alterations in the apoptotic cell death pathway (40) . There is also evidence to suggest that the anticancer effects of glycolytic inhibitors may be due to the activation of non-apoptotic cell death (41) . Rapamycin and 2-DG markedly enhance apoptotic and non-apoptotic cell death in ovarian tumor cells (41) . In the present study, the administration of 3BrPA or 2-DG was also found to enhance ADR-induced cytotoxic effects mediated by non-apoptotic cell death, in addition to apoptosis. The underlying mechanism of cell death may be a decrease in intracellular ATP levels induced by glycolytic inhibitors and ADR, which consequently induces non-apoptotic cell death. By reducing intracellular ATP levels, 2-DG may prevent ovarian cancer cells from using ATP-dependent transporters, including P-gp, which are a major cause of MDR. The notable decrease in intracellular ATP levels may render cells unable to remove cytotoxic drugs from the cell, resulting in increased intracellular concentrations of the drug and increased cell death. In the present study, treatment with 3BrPA or 2-DG in combination with ADR resulted in reduced glucose consumption. This may cause insufficient synthesis of ATP, which also supports the present hypothesis.
In conclusion, we the present study showed that drug resistance in AML cells was associated with increased glycolytic activity and low efficiency of oxidative phosphorylation, which was observed by the elevated expression of glycolysis-associated molecules such as HIF-1α, HK-II, GLUT1 and LDH. Inhibition of glycolysis may be a promising approach to reverse chemoresistance in patients with AML.
